Polynitrogen compounds have attracted great interest due to their potential applications as high energy density materials. Most recently, a rich variety of alkali polynitrogens (R x N y ; R=Li, Na, and Cs) have been predicted to be stable at high pressures and one of them, CsN 5 has been recently synthesized. In this work, various potassium polynitrides are investigated using first-principles crystal structure search methods. Several novel molecular crystals consisting of N 4 chains, N 5 rings, and N 6 rings stable at high pressures are discovered. In addition, an unusual nitrogen-rich metallic crystal with stoichiometry K 2 N 16 consisting of a planar two-dimensional extended network of nitrogen atoms arranged in fused eighteen atom rings is found to be stable above 70 GPa. An appreciable electron transfer from K to N atoms is responsible for the appearance of unexpected chemical bonding in these crystals. The thermodynamic stability and high pressure phase diagram is constructed. The electronic and vibrational properties of the layered polynitrogen K 2 N 16 compound are investigated, and the pressure-dependent IR-spectrum is obtained to assist in experimental discovery of this new high-nitrogen content material.
Introduction
At ambient conditions nitrogen forms one of the strongest triple bonds found in nature in the diatomic molecule (N 2 ). Upon compression to high pressures (> 100 GPa) and temperatures (> 1000 K) the N 2 molecular crystal undergoes the chemical transformation into the extended single-bonded cubic gauche phase of nitrogen 1 or the layered polymeric phase of nitrogen 2 .
These single-bonded extended crystals are high energy density materials with an energy density much larger than conventional explosives 3 . The energy density comes from the large energy difference between the strengths of the nitrogen single and triple bonds, as well as a larger density of dense polymeric nitrogen in comparison with sparse molecular crystals.
However, recovery of cubic gauche or the layered polymeric phases of nitrogen at ambient conditions has proven to be challenging 1, 2, 4, 5 .
By incorporating metallic impurities into the crystal structure, a charge transfer from metallic to nitrogen atoms occurs, which can enhance the stability of nitrogen oligomers, while introducing an ionic bonding between metal cations and the nitrogen oligomer anions [6] [7] [8] [9] [10] [11] [12] . Recent investigations of alkali polynitrides (R x N y ; R=Li, Na, and Cs) have revealed a rich variety of stable all-nitrogen oligomers at high pressures including N 4 chains, N 5 rings, N 6 rings, and infinite nitrogen chains [7] [8] [9] [10] [11] [12] . In fact, the elusive N , and NaN 2 above 50 GPa
11
.
How the nature of a specific group-I alkali metal atom affects the chemical bonding within the family of alkali metal polynitrides is an interesting question worth investigating.
Different electronegativities and ionic radii are expected to affect the amount of charge transfer between alkali cations and nitrogen anions. Therefore, it is quite plausible that in addition to observing common crystalline compounds, such as alkali pentazolates and those containing infinite linear chains and N 6 hexazine rings, new crystals with unusual bonding patterns specific to potassium polynitrides do exist.
In this work, potassium polynitrides (K x N y ) are systematically investigated by performing variable composition crystal structure search of compounds composed of potassium and nitrogen at a range of pressures from 0 to 100 GPa. The goal is to discover novel single-bonded polymeric forms of nitrogen that might be different from known polynitrogen compounds in other alkali polynitrides investigated previously. These new compounds are theoretically characterized by calculating electronic and vibrational properties using firstprinciples density functional theory.
Methods
The search for new nitrogen-rich potassium polynitrogen compounds of varying stoichiometry is performed at 30, 60 GPa and 80 GPa using first-principles evolutionary crystal structure prediction method USPEX [14] [15] [16] . The USPEX methodology of evolutionary crystal structure prediction works as follows. During variable composition calculations at a given pressure, USPEX creates a specified number of structures at each generation step, which contain both newly randomly generated structures as well as those produced from the lowest formation enthalpy structures from a previous generation. In the first generation, every structure is randomly generated by random sampling of the stoichiometry, crystal symmetry, ionic coordinates, and lattice parameters. At subsequent generations, physically motivated variation operators are applied to the best structures from the previous generation to produce new structures for the new generation. Each structure is optimized at a given pressure using firstprinciples code VASP 17 by varying the ionic coordinates and lattice parameters to achieve minimum enthalpy. The optimized structures are then ranked by enthalpy and the lowest enthalpy structures "survive", i.e. passed to the next generation. The search is stopped after the lowest energy structures do not change after 5-10 generations. More information about structure prediction can be found in Refs. 14, 16, 18 . The initial variable composition search is performed using 8-20 atoms/unit cell and its quality is verified by predicting the known phases of potassium azide 7, 19, 20 . After the variable composition search is completed, fixed-compositions structure searches with larger number of atoms (up to 24 atoms/unit cell) are performed to find the lowest enthalpy structure for each composition.
During the structure search, the cell parameters as well as the atomic coordinates of each structure are optimized at a given pressure to minimize its enthalpy using the Perdew-BurkeErnzerhof (PBE) generalized gradient approximation (GGA) 21 within density functional theory (DFT) as implemented in VASP
17
. The dispersive correction due to Grimme 22 is added to the DFT energy, forces, and stresses to take into account the long-range van der Waals interactions. A comparison of the calculated lattice parameters to experiment for potassium azide crystal at ambient conditions given in Table 1 demonstrates that PBE+vdW functional with vdW correction gives lattice parameters in good agreement with experiment (error being less than 1.1 %), thus providing justification for using PBE+vdW in DFT calculations. For the structure search, projector augmented wave (PAW) pseudopotentials . Charges on atoms and bond orders are calculated using LCAO code 
Results and discussion
The structure search results in the discovery of several polynitrogen species stable at high pressures, see Figure 1 Figure S1 for the enthalpy difference between these two phases. At pressures higher than 41.7 GPa the K 2 N 2 -Cmmm molecular crystal, containing N 2 anions once again is the lowest enthalpy structure with the 1:1 ratio of K:N.
Since all alkali metals are monovalent, it is expected that the alkali polynitrides will be very similar. It turns out not to be the case: we find that there are several important differences between alkali polynitrides that have been predicted thus far. A summary of the alkali polynitrogen compounds that have been theoretically predicted are given in Table   2 . Potassium polynitride with the stoichiometry R 2 N 16 is the only alkali metal containing Comparison of the stoichiometries and corresponding nitrogen oligomers for thermodynamically stable nitrogen-rich alkali polynitrides in the interval of pressures from 0 at to 100 GPa. The data for K x N y are from this work, Li x N y -from Ref.
10
, Na x N y -from Ref.
11
, and Cs x N y -from Refs. Table 2 . In contrast, alkali pentazolates RN 5 exist as stable compounds at high pressures for all alkali (R) metals.
Alkali azides are typically predicted to transform into a crystal structure containing N 6
anions with either the P6/mmm space group for potassium 7, 27 or the P6/m space group for lithium 8, 10 . Our calculations show that K 2 N 6 -P6/mmm crystal is on the convex hull, i.e. thermodynamically stable, above 40 GPa. A similar crystal structure was predicted for Na 28 as well, but our previous results indicate it is not on the convex hull and is therefore metastable
, see Table 2 . In contrast to the case of CsN 2
9
, the crystal structure of KN 2 -C2/c compound consisting of nitrogen chains is calculated to be unstable, see Figure 2 (a). A different crystal structure with the same stoichiometry is predicted to be stable for Na
11
. It is expected that potassium and heavier alkali metals may exhibit more complex chemistry due to an increased contribution from semi-core d-oribitals, which also leads to complex post-fcc alkali metallic structures
29
. As can be seen in Table 2 The dynamical stability is evaluated by calculating the phonon dispersion curves shown in whereas the charges on the rest of the nitrogen atoms are −0.178. There is certainly a net transfer of negative charge to N atoms from K atoms, the charge on each potassium atom being +0.731. The charges and bond orders are summarized in Table 3 . Interestingly, K p orbitals, and even d orbitals at higher energies, contribute appreciably to the density of states, see Figure 5 . A contribution from d-orbitals also plays a role in producing the unusual phase diagram of pure K at high pressures
The charges and bond orders for the other potassium polynitrides given in the Table 4 are similar to those found in analogous crystals of other alkali polynitrides. The bond orders for most polynitrogen species are slightly larger than 1 except for potassium pentazolate (KN 5 ), which has a bond order of 1.41, see Table 4 . This is because of aromatic nature of the bond in the pentazole that increases the strength of the bond. The K 2 N 6 and K 4 N 6 stoichiometries have conjugated N-N bonds with a bond order close to 1 and a total charge less than 1 on the N 6 ring, see Table 4 . The K 4 N 6 stoichiometry has the largest charge transfer from potassium to nitrogen atoms with a total charge less than 2 on the N 6 ring.
The large amount of ionic bonding makes this structure stable even though the bond order is the lowest of the polynitrogen species predicted in this work, see Table 4 . The relative enthalpies for the proposed reaction and for other possible reactions involving potassium polynitrides as a function of pressure are given in Figure 6 . First, the mixture of 2KN 3 +5N 2 is predicted to transform into 2KN 5 +3N 2 at 10.4 GPa, then to K 2 N 16 -P6/mcc at 59.6 GPa. Kinetic barriers will significantly delay the phase transformations so that larger pressures would likely be required for synthesis. At 60 GPa, all three compounds K 2 N 16 -P6/mcc, K 2 N 6 -P6/mmm, and KN 5 -P2 1 m are lower in enthalpy than the precursor, but K 2 N 16 -P6/mcc is the lowest enthalpy structure at 60 GPa.
The calculated IR-spectra of K 2 N 16 -P6/mcc from 57 GPa to 102 GPa are given in Figure   7 . The spectrum contains two lattice modes marked with a 'T' in Figure 7 . The spectrum also has one out-of-plane and four in-plane N-N stretching modes with the highest frequency at 57 GPa being about 1,410 cm
, see Figure 7 . Each mode monotonically blue shifts with pressure.
Conclusions
Systematic investigation of the high-pressure chemistry of potassium polynitride compounds with variable K x N y stoichiometries has been performed using first-principles evolutionary 
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